Research on the effects of fire on grassland ecosystems yields among the most controversial research results. This is caused by the global distribution of grasslands under different environmental conditions in addition to complex fire characteristics (time, severity, frequency, history etc.). Challenges and discrepancies arise from various temporal and spatial scales, as well as methods used. Moreover, the function of fire can be different from one grassland to another. In the large body of grassland fire literature, the Canadian northern mixed prairie is understudied, especially regarding the vegetation's post-fire recovery. The wildfire in April 2013 provided an opportunity to study how the grassland responded to the burning, and particularly how remote sensing can provide potential solutions to grassland fire studies in this region. This research investigated the vegetation's post-fire recovery using six years' field survey data. Results indicate a quick overall recovery of the grassland, but with different vegetation forms recovering at various post-fire growing seasons. Green grass was the most resilient component that fully recovered one year post-fire, followed by forbs at two years post-fire, with shrubs and the soil organic crust taking longer than four years to recover. The ecosystem recovered to the unburned state roughly after four years. This conclusion agrees with the shortest fire interval of some research, probably because of the heavy fuel loading before the wildfire, due to Grasslands National Park's long-term conservation practice. Both hyperspectral data and historical Landsat images were investigated to demonstrate their effective assessment of the post-fire grassland vegetation recovery trajectory.
Introduction
Various biotic and abiotic factors can modify the composition and structure of grasslands [1] . Of all those factors, the impact of fire is the most controversial due to its complex nature. There exists a large body of literature studying fire's effect on grassland ecosystems considering fire severity, fire frequency, and fire season (for example, [1] [2] [3] [4] ). Though general conclusions can be reached regarding fire's impact, there are conflicting results within literature possibly due to different localities of grasslands ecosystems as well as limited resources available to most existing investigations.
Fire has been a significant ecological process on this planet for a very long time, and its impact on terrestrial ecosystems is well documented [2] . Some examples of its impact being: 1) the shaping of the global biome distribution, 2) maintaining the structure and function of fire-prone communities, 3) acting as an evolutionary force, 4) being employed as one of the first tools by humans to re-shape the world. Fire has a significant impact on flora and fauna in the grassland ecosystem, in both direct and indirect ways. Direct effects include mortality of individuals, which are short-term. Indirect effects, such as species composition and changes in habitat, are long-term. Indirect impacts are not as easy to observe and evaluate but are usually more important than short-term effects given the scale of the impact on the ecosystem. Fire, coupling with other numerous factors, i.e. topography, soil, fauna (insects, herbivores), together with herbaceous plants [3] [4] , can restrict the encroachment of woody plants (trees, shrubs) and release nutrients bound up in organic matter, accelerating the rate of decomposition in the soil, so as to maintain the establishment and the stability of grasslands [4] [5] [6] . Descriptive studies [7] [8] show that fire occurrences decrease herbaceous production for one to three years. Meanwhile, the herbaceous response is influenced strongly by precipitation. Fire also reduces woody plant cover and promotes herbaceous dicotyledons. Plant species in semi-arid grasslands are more likely to be subject to fire season and frequency rather than fire behaviour [9] .
The reestablishment of periodic fires is fundamental to the ecological restoration of grasslands on the Great Plains [5] . The significance of the reestablishment of fire regimes has been recognized as fundamental to the ecological restoration of grasslands [5] . However, current understanding of fire's effect on the grassland ecosystem still needs to be improved. Based on historical materials about the Canadian prairies, Rannie [10] reviewed the history of wildfires and identified a "grass fire era" from the late 18 th century to the late 19 th century with much enhanced anthropogenic grassland fires. Moreover, Wakimoto et al. [11] did similar work but with more effort in determining and reconstructing his- and oral accounts vary in detail and quality, and records are quite limited. General conclusions about historical fire frequency can also be reached based on rates of fuel accumulation and woody plant invasion [12] , as well as charcoal remains from lake sediment cores [13] . In regions of grasslands with trees, tree fire scars can also be used to study historical fire regime. Furthermore, tree-ring studies help establish drought cycles and their duration, which in turn provide information about historical climate, fuel loading, and potential fires. However, this remains a challenge if woody plants are scarce; because grasses and forbs do not carry fire scars and growth ring patterns [11] .
There are two major fire types: wildfire and prescribed fire. Wildfires provide first-hand data for grasslands fire studies, such as [14] . By compiling the wildfires which occurred in the region (most of them in late summer), Kruger [15] investigated fire's immediate and long-term effect on forage species as well as other range plant species on the northern mixed prairie. A typical methodology can be found in [11] [15] . By surveying the vegetation and soil properties at burned sites and its adjacent unburned sites, the hypothesis of no differences across sites can be tested with statistical analysis (e.g. t-test). Fire's long-term impact can also be analyzed with field surveys of longer periods or intervals, e.g.
<5 years, >5 years, 10 years, 15 years [11] [15] . However, such wildfire studies have obvious limitations. Besides expensive sampling effort, no systemic evaluation of fire regime can be conducted, and it is impossible to know when and where wildfires will occur [11] . A large body of literature is dedicated to controlled burning, or prescribed fires, including academic as well as applied researches on various types of grasslands on the Great Plains (e.g. [5] [16]- [22] ).
Moreover, detailed long-term ecological researches have been designed and implemented, such as the famous Long-Term Ecological Research program (or LTER, more details available from [23] [24] [25] ), to understand the fundamental mechanisms of fire's effect on grasslands ecosystems. A good review of the ecological effects of prescribed fires can be obtained from [19] with their central region covering the northern mixed-prairie. Prescribed fires are effective in identifying the basic principles of fire through extrapolation, synthetization and generalization [22] . Based on the established understanding of ecological processes and mechanisms, ecological models can be developed to simulate vegetation dynamics and quantify various fire regimes, such as the LANDFIRE model from the US Department of Agriculture [26] to study fire regimes of different ecosystems including part of the mixed prairie. Though prescribed fire experiments and fire modelling have significantly improved our understanding of fire's impact, both are resource-consuming and not readily portable to different locales.
Various approaches have been provided to evaluate fire effects in grassland.
The USDA conducted a comprehensive review [19] on the ecological effects of fire, aiming to provide well-rounded information for range managers to effec- tral and positive responses to fire were evident in both season-long grazed areas [16] , and areas protected from domestic livestock grazing [7] . Shortgrass prairie ecosystem recovers relatively quickly from fire disturbance. Vegetation cover, arthropod, and mammal species abundance treated with dormant-season fire recovered in approximately two months and showed no significant difference from untreated communities. By studying vegetation response (grass cover) to different timings of fires (dormant season versus growing season), Ford and
Johnson [5] concluded that in the short-term, burning during the growing-season appears to reduce fire severity but exerts greater impact on grass communities (opposite for soil crusts) compared to burning during the dormant season. Dormant-season fire in the shortgrass steppe is less damaging to grass communities (opposite for soil crusts) than growing-season fire. Wakimoto et al. [11] used vegetation similarity values to quantitatively measure the similarity between vegetation cover types between burned and unburned sites. For grassland and shrub-land, vegetation similarity values are consistently and significantly different across treatments, indicating the fact that burned communities cannot return to the unburned status even after 10 years' plant succession.
Grassland sites however, do not show a significant difference either short-term or long-term, i.e. 1 -2, 3 -5, 6 -10, >10 years. Wakimoto et al. [11] also found that fire affected the vegetation structure of 62% of surveyed sites. Such structure change tended to happen on sites with shrubs. Shrubs are more susceptible to fire mortality, with some shrub species being especially sensitive to fire. They found that shrubs were killed entirely at some shrubland sites, converting the Fire showed different effects on various major grassland species. Kruger [15] found that burned sites showed more cover of blue grama, sandberg bluegrass and green needlegrass one year post-fire. Such an increase became less obvious 2 -5 years post-fire. After 6 -15 years post-fire, these species showed mixed results; with some slightly higher and some slightly lower. Meanwhile, unburned grassland and shrubland had more undesirable species compared with burned sites. After 15 years post-fire, burned and unburned sites showed little difference when compared with each other. Comprehensive and detailed species' response to fire can be accessed at [11] as well as the USDA's Fire Effects Information
System [29] .
Obviously, as an important ecological factor, fire has been studied extensively vary significantly due to differences in historical and current prescribed fire regimes [19] . Guo et al. [31] found that aboveground dry biomass, plant moisture, and dominant species together with plant forms are different for cool seasons and warm seasons on tallgrass prairie. With unique flora and fauna composition, the Canadian northern mixed prairie can be significantly different from other grasslands. However, little is known about fire effects on the semiarid mixed-grass prairie in Canada [32] . There is a lack of knowledge about the pre-settlement fire regime [33] and under-standing of fire effects on the dynamics of that ecosystem, especially the plant communities [34] [35] .
All previous research on vegetation responses to fire in this region are based on the short-term investigation (less than a year, see [35] [36]). However, grassland communities have evolutionary adaptations, showing variation in population recovery dynamics from fire season, frequency and behaviour [33] . As a result, fire regime should be studied in more consistently and reliably, at longer terms and finer temporal resolutions. Long-term field studies with climate disturbances suggested that short-term ecosystem responses are usually opposite to long-term responses [23] . Vegetation recovery is critically important because it plays a significant role in maintaining the grassland ecosystem through its influence in runoff, soil moisture, spatial distribution of erosion-deposition, nu- Yang et al. [35] and Lu et al. [36] have demonstrated the feasibility of using remote sensing in evaluating grassland fires in the northern mixed prairie. However, a comprehensive examination of fire effects on the ecosystem is needed to further our understanding about ecosystem dynamics, especially vegetation responses to fire. This research intends to investigate the vegetation recovery trajectory of the C3 dominated northern mixed grassland from a spring fire event,
focusing on a longer historical perspective with remote sensing approaches.
Field data were collected before the burn and five growing seasons following the burn. Various spectrum bands, vegetation and fire indices developed for the Landsat product are tested for their capacity in distinguishing burned and unburned areas as well as studying the long-term vegetation recovery trajectory.
By investigating a wildfire that took place on April 27 th , 2013 with the help of a time series of remote sensing data, this study tries to understand fire's immediate and long-term effects on the northern mixed-prairie. Specifically, there are two major research objectives:
• To evaluate fire's effect on the northern mixed-prairie using field survey data;
• To investigate the application of remote sensing approaches in grasslands post-fire recovery study.
o to verify the feasibility of remote sensing in the fire study using the hyperspectral measurement from the field survey;
o to test the performance of satellite remote sensing products together with the ground surveyed data derived from Objective 1;
o to identify the grassland post-fire recovery trajectory with the most suitable remote sensing satellite products.
Materials and Methods

Study Area
The study area is located in the west block of Grasslands National Park (GNP), on the border of Saskatchewan (CA) and Montana (US) (Figure 1 ). It is situated in the prairie ecozone and has been providing habitats for a rich diversity of flora and fauna that have evolved in a highly dynamic environment which includes grazing, prairie wildfires, soil erosion, drought, and flooding [44] .
Grasslands are characterized by rapid growth and slow decomposition rates due to the chemical and physical composition of the plants [22] . The decomposition of aboveground materials by microorganisms is limited in grassland and can be accelerated post-fire due to a higher temperature and more available nutrients [22] . Fire plays a significant role in the mixed prairie. This makes fire the primary decomposition agent and important nutrient cycler of the grasslands ecosystem [22] . A survey [14] indicated that naturally caused fires (lightning) are relatively common in the grassland here, with one year in six years having abundant fuel and suitable weather conditions to encourage fire occurrence.
Through evolutionary history, grasslands ecosystems were maintained in conditions appropriate for their productivity and biodiversity in nature, by self-organizing all the biotic and abiotic components into equilibrium [18] .
However, most disturbances were removed since the human settlement in the 19th century. Wildfire was actively suppressed, resulting in near-total fire extinction and major shifts in ecosystem structure and function, with 80% of the native prairie lost forever [45] . In light of this, GNP was founded in 1988 with its mission to preserve the still standing pristine mixed-grass prairie in North
The area is semi-arid, with annual precipitation between 300 and 330 mm, and average temperature ranging from 28˚C in the summer to −22˚C in the winter. The dry air, strong sunshine and high winds result in evaporation up two times the moisture gained from precipitation, encouraging wildfire occurrence [45] . Poorly distributed precipitation patterns and frequent drought are typical in the mixed-prairie. Wind prevails in all seasons, with velocities exceeding most other parts of the continent. Arctic air mass forms northerly winds that drive blizzards across this region in winter, whereas in summer winds are hot and dry, resulting in parched and dusty prairie [15] . 
The Wildfire and Its Propagation
On April 27 th , 2013, a wildfire spread into GNP from adjacent agricultural lands.
The fire consumed 4500 hectares (11,500 acres) and extended over 16 km (10 miles) ( Figure 1 ) in less than four hours, due to high winds and low humidity [50] . In the following two months (May and June), above normal precipitation (~230 mm, Weather Canada Historical Climate Data) resulted in rapid vegetation recovery. This wildfire provided an outstanding opportunity to examine the impact of a large-scale fire on the preserved grassland and how the ecosystem recovers over time.
This wildfire occurred when the park was still undergoing the spring green up (initiation of spring growth). Therefore, there existed a considerable amount of litter content, including standing dead (or senesced vegetation from the previous growing season) and litter (fallen or partially decomposed vegetation); both contributed as fuel load to feed the wildfire. Furthermore, the conservation effort led to the buildup of the dead material (similar as in other grasslands, e.g. [51] ), or rather, excessive fuel loading, for more than 20 years, making the park accu- [52] . The weather at the time of fire's occurrence further encouraged its fast spread. Weather record shows that during the fire's occurrence relative humidity averaged at 23% with a strong westerly wind blowing at 40 km/h. The forward rate of spread under such high wind would be over 100 times the zero wind spread rate [53] . Once the fire spread for 1km eastward and crossed the park's boundary, its consuming rate accelerated due to the abundant fuel load within the park as well as the alignment between the wind direction and the east-west direction of the Frenchman River valley. As a result, the fire quickly started to propagate within the park. The burned patch is clearly visible ( Figure   1 ) on Landsat 8 OLI imagery from May 1 st .
Topography also played a significant role in shaping the fire's propagation path and its burning intensity. This research compiled all available biophysical parameters and used plant form information as the major indicator of post-fire recovery though other parameters were also included. Plant form information was estimated in the field with a 50 cm by 50 cm quadrat consistently in six years following the same protocol. These derived parameters were calculated from the biophysical parameters measured in the field: 1) cover of live component was the sum of green grass, forb and shrub cover; 2) cover of dead component was the sum of the standing dead and litter; 3) ratio of green and dead component; 4) standardized difference of green and dead component. The latter two parameters were designed to factor in both live and dead components and served as a comprehensive indicator of post-fire recovery.
Satellite Imagery
Landsat 7 and 8 products were used in this study. Atmospheric correction was performed when needed. Landsat scenes were downloaded in GeoTIFF format from USGS's EarthExplorer data portal.
To check the performance of the satellite remote sensing product, each year's field survey data was paired with a scene with the closest acquisition date. When (Table 1) .
To match the footprint of field site at 100 m by 100 m, centers of field sites were buffered with 100 m and zonal statistics was used in ArcGIS 10.5 for calculating the average reflectance values of Landsat bands at the field sites. The reflectance data were used to compute vegetation indices shown in Table 2 . [56] and acquired from FarmWest [57] at the monthly resolution. Figure 3 shows the compiled meteorological dataset used in this study.
Data Processing and Analyses
Methods used in this research can be described in . Overview of methods used in this research. This flowchart is colour-coded according to different objectives. Specifically, grey for research data (both original and derived), orange for Objective 1 (to study grasslands post-fire recovery pattern using field data), blue for Objective 2.1 (to verify the feasibility of remote sensing in the fire study by using hyperspectral measurement from the field survey), light green for Objective 2.2 (to test the performance of satellite remote sensing products linking with ground references derived from Objective 1), and dark green for Objective 2.3 (to reveal the vegetation recovery trajectory after fire using historical Landsat imagery).
Field samples (biophysical parameters) from 2012 to 2017 were collated and pre-processed (data cleaning and reformatting). Fire's footprint information was extracted from Landsat imagery (acquired on May 1 st , 2013, or four days after the fire) and assigned to field data. Each year's field data were in turn imported into the R environment for statistical analysis.
Two higher level biophysical parameters were created by aggregating from the original parameters measured in the field. Specifically, the live component is the sum of green grass cover, forb cover and shrub cover (notice moss and lichen were excluded from the aggregation); whereas the dead component accounts for standing dead cover and litter cover. Furthermore two comprehensive biophysical parameters were derived to factor in both live and dead components: the simple ratio index (or SRIbio), and normalized difference index (or NDI bio ) defined as follows:
here the subscript "bio" is used to explicitly indicate the fact that these are burn indices built with biophysical parameters, instead of using satellite product like normal VIs in the remote sensing context. 
Results and Discussion
Visual Assessment of the Grassland Recovery
Notice the image in May shows the defined boundary of the burn patch, especially the almost linear shape at the bottom stretching from northwest to southeast. The linear feature was primarily caused by the strong westerly wind blowing at around 40 km/h. However, the linear feature was not prominent any more one month later (June), barely visible two months later (July), and not traceable at all three months later (August). The grassland becomes homogeneous to the naked eye after three months, indicated in September's and October's images.
The burn patch faded quickly and completely due to vegetation's rapid recovery.
Visual assessment of the burning suggests a quick post-fire regrowth of grasslands. There is no apparent visual difference between burned and unburned communities two months after the fire. GNP promptly assessed the fire's impact and actively monitored the effect of burning throughout the park. They photographed several locations the following day after the fire and revisited two and half months later [60] to get before-and after-burn photographs for visual pairwise comparison. Their data included the Two Trees Area that is only three kilometres east of the ignition location ( Figure 1) . The boundary of the burn patch at the Two Trees Area was quite prominent during their first visit. However, the well-defined boundary was lost completely to the healthy green vegetation two months later, indicating vegetation's rapid recovery at the ground level.
Meanwhile, the quick recovery was captured by the Landsat satellite. Figure 5 shows a time series of standard false-colour composite from the Landsat 8 OLI found impact on the ecosystem at levels that human eyes fail to capture; such impact may reach far into the future of the ecosystem [61] , especially in light of the five year historical fire regime. As a result, the initial investigations conducted by the park and also Lu et al. [36] need to be extended and improved with a systematic assessment of this fire's impact on the grassland ecosystem. Table 3 Results show few significant differences for green grass, forb, and shrub across treatments. This might be caused by limited sample sizes available to this study.
Grassland Post-Fire Recovery with Field Data
Additional analysis proves that when the three components are combined altogether as the live vegetation, a significant result was achieved. Table 3 indicates these derived parameters relatively outperform original parameters. To understand the post-fire recovery dynamics at a higher level, a ternary plot ( Figure 6) was generated based in Table 3 . Here "live" and "dead" components are the derived biophysical parameters discussed previously. Other parameters are summarized as the "rest" component. Such aggregation procedure allows us to trace the configurational dynamics of the three major components throughout five post-fire growing seasons. As a result, a higher level of understanding grassland post-fire recovery can be achieved. More discussion about alternative stable states theory can be found in [62] .
Communities can shift to alternative successional trajectories and might never return to its original community type, but might instead develop into a new community type. Hysteresis describes such behaviour as incapable of returning to the original community type, even with the original conditions fully restored back to the community.
In Figure 6 , it can be noticed the overall progressively upward pattern of the Results consistently show that burned sites have a significant 20% more green grass cover, demonstrating fire's positive impact in promoting grassland health.
Meanwhile, it describes the evolutionary adaptation of the prairie grass communities to disturbances like fire. Fire consumed all the standing dead and other components, broke down biomass into nutrients and opened up space for green grass to colonize on burned sites. This can be clearly confirmed from the dynamics of exposed bare soil, which was significantly higher at burned sites in the first two growing seasons. Overall it took merely one growing season for the green grass cover to restore to the unburned status. However, canopy height at burned sites is consistently more than 10% higher even at the fifth growing season (Table 3) .
Fire overrides climate as the most significant force in shaping the vegetation 
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Lichen (%) Moss (%) Bare soil (%) Open Journal of Ecology community. Notice that in the second growing season due to above-normal precipitation the unburned sites experienced fast increase in green grass composition and decrease in the standing dead composition. However, the opposite scenario happened at burned sites, with the green grass composition decreased by 15% and the standing dead increased by the same amount. This is obviously due to fire removing most dead component and allowing green vegetation to colonize the disturbed area. In the subsequent growing season, we observe forb's cover tends to be higher at burned sites. At the third growing season, there is no difference between treatments. Therefore, it took two growing seasons for forbs to converge to the unburned level, contrasting with grass' one-year recovery. As for the shrub, it underwent a longer recovery process simply due to severe loss of biomass from the burning. Please note that the shrub composition at the would-be-burned sites was a little higher than the unburned sites in 2012. That is expected because the fire propagated mostly along the Frenchman River valley. As a result, some of the surveyed burned sites were located in the low-lying valley area where there was more shrub presence than sites outside the valley. In fact, shrub contributes little in our research sites, with its composition always as low as 5%. Notice that at the third growing season shrub cover at burned sites was significantly higher. A few samples had exceedingly high level of shrub (cover greater than 40%). This is also when the water stress was present, with green grass and forb having converged to the same level as unburned sites.
Post-fire dynamics of the dead components. helped moss at the unburned sites to recover to its un-stressed level, but failed to do so at burned sites. This indicated that burning affected the long-term soil dynamics even into the fourth growing season. In contrast, Ford and Johnson [5] found that soil crust in burned and unburned sites were at a similar level after two years of fire events. The discrepancy between this research and their sproba- In semi-arid mixed grasslands, productivity is often water limited due to its impact on biological activity within the ecosystem [37] . Acting as a protective blanket [35] [68], the dead material traps water from precipitation and also helps retain water from evaporation at the soil surface. When fire removed the dead material, soil surface at the burned sites received more solar radiation; meanwhile evaporation would also increase. Vermeire et al. [68] was able to demonstrate that for burned sites soil temperature rose by 0.5˚C during drought and was similar during a wet growing season. A consistent increase by 1% was reported in soil moisture at burned sites. However, this study does not have a significant result to indicate such change. This may be due to a few reasons. The device used in the field data collection is known to be not sensitive enough to detect the small changes in the soil parameters. Moreover, field sites were sampled at different dates usually spanning two weeks. Weather pattern and time of day can both impact the measurement.
Fire and grasslands resilience. Results suggest that fire enhances short-term health and resilience of the grasslands. GNP received below-normal precipitation in 2015, causing water stress that impacted both burned and unburned sites of that year. Now the grassland ecosystem has undergone two years of recovery from the wildfire's disturbance in 2013. And in the third year water stress settled in, causing a minor disturbance. As a result, grasslands were experiencing a It is interesting to observe that in 2015 the live component at burned sites was significantly higher at 10% (p = 0.05) than at the unburned sites. The significant increase coincides with a very low percentage of exposed bare soil as well as higher shrub coverage at burned sites, whereas unburned sites saw an increase in exposed bare soil and lower live component. These opposite scenarios across treatments suggest better performance of burned sites in withstanding water stress. As a result, fire promoted grassland resilience and caused grassland ecosystems to perform better under water-stressed conditions. Though the underlying mechanism of such improvement in grasslands resilience needs to be further researched, yet it still is possible to hypothesize that fire modified the local hydrological cycle through its effect on grassland covers; moreover, it probably enhanced water utilization.
Fire's positive effect on grasslands resilience lasted no more than four years.
Another water stress condition appeared in 2017 with similar below-normal precipitation. However, data analysis didn't show significant differences across treatments. This indicates that the fire's influence only lasted for four years regarding its impact on grasslands health and resilience. Similar plots were prepared as in Figure 8 for all the years and other two 
Grassland Post-Fire Recovery with Ground Remote Sensing Data
Post-Fire Recovery with Landsat Products
Overall, Landsat product demonstrated its effectiveness in studying grasslands post-fire recovery, with the most sensitive bands being red, NIR, and two SWIR bands. When live component (live%) is used as the parameter of measuring vegetation recovery (top section of Table 4 Notice the anomalies which occurred following 2015 where the converging trend was disturbed. This is caused by the water stress in 2015, which affected the post-fire recovery. However, the converging trend continued consistently after 2015. Some claim fire as a "global herbivore" [2] . Here the statistics suggest that drought can also mimic fire's impact. At a glance, it can be regarded as a minor "fire". It decreased the reflectance signature of both treatments, proving itself as a "global herbivore". However, we observe more pronounced contrast between treatments, with burned sites still have much higher reflectance as in needed to quantify the impact of drought, fire and herbivores, the three most common and interconnected disturbances in shaping the grasslands.
Responses from the three visible bands (especially the red band) are significantly smaller at burned sites than the unburned. This is because burned sites tend to have more live component (green vegetation) and less dead material (standing dead and litter). Chlorophyll and other pigments in healthy green vegetation absorbing red spectrum for photosynthesis, making reflectance in that region significantly lower than the unburned sites that have less live component. On the other hand, the light-coloured standing dead and other non-photosynthetic vegetation (NPV) have higher reflectance at visible bands and appear brighter. However, across time the difference of reflectance in visible bands between treatments became less pronounced, from 3.2% in 2013 to 0.8% in 2017. As the grasslands recovered, burned sites started to build up the dead material and the contrast in the visible bands was getting less obvious.
SWIR1 and SWIR2 are vivo water content related [70] with healthy vegetation exhibiting more absorption than otherwise. Similar results were shown as three visible bands, emphasizing the extra live component during vegetation's recovery from the burning, and both bands experienced similar converging trend between treatments.
NIR is the only band which showed increased reflectance at burned sites, simply because of the more healthy live component at burned sites. Though we expect to see a consistent and significantly higher reflectance in NIR at burned sites, satellite data suggested otherwise. Yang et al. [35] investigated fire's effect in the same study area and also reported that NIR increase at some burned sites showed no statistical significance. Across five post-fire growing seasons, only 2015 saw a significant increase in NIR by 4% at burned sites. The insignificant result for other growing seasons may be due to limited sample size, and large variations in the live component at the burned sites.
In SWIR2 region, solar radiation can be significantly absorbed by the water content in green vegetation or soils. Meanwhile, research [71] [72] also suggests that dry soil exposure after burning would increase SWIR2 reflection. Water absorption in SWIR1 is considerably weaker. However, this study showed the opposite relationship. There was significant decrease in both SWIR bands at burned sites. This can be explained by the increased composition in green vegetation for the burned sites which had higher water content than unburned sites. As a result, SWIR regions in burned sites had more absorption and less reflectance. Although for unburned sites the significant amount of dead material helped to retain water. However, in this study we don't see this effect from SWIR bands. This is probably because SWIR bands couldn't penetrate the vegetation structure and pick up the water's signal in the dead material at the soil surface. Furthermore, Landsat 8 imagery acquired five days after the burn also indicated lower SWIR responses for burned sites. This is probably due to the presence of charred soils found at the burned sites which had lower reflectance in both Table 4 .
The algorithm of NDVI involves NIR and red bands, and has been widely used in the literature as an important index for studying green vegetation as well as fires. In this study, although NIR band didn't have a good performance from the statistical perspective, we did find a good performance from NDVI. We saw a significant increase in NDVI for the burned sites in the first (by 44%) and third growing season (by 49%). NDVI for burned sites in the second and fourth growing season also increased but was not statistically significant.
NBR is a widely-used fire index expressed as the normalized difference between NIR and LSWIR. It can distinguish green vegetation from soil based on their contrasting reflectance signatures at these two bands. This study confirms its performance in such ability. NBR at burned sites was as much as 1.5 to 4 times higher than that at unburned sites. Though its performance varied from weak in the first year to not significant in the second year, and became strong in the third year. This result proves NBR as a reliable long-term fire index suitable for studying grassland fires.
EVI is another commonly used vegetation index which was developed to overcome the limitation of NDVI. However, this study demonstrates that EVI's performance is not as good as NDVI in studying fires at GNP, even though burned sites had significant lower reflectance in blue band. Instead of increasing as we see in NDVI, EVI in this case is lower in burned communities. Its weak performance may be affected by high percentage of dead material dominant in GNP grasslands.
Both SAVI and MSAVI were developed as a modification of NDVI to correct the influence of soil brightness in ecosystems with low vegetation cover and exposed soil surface. However, this study found that both didn't perform well in terms of distinguishing burned and unburned grass communities. We see these indices are greater at burned sites. From a theoretic perspective, they should have good performance for the first two years because percentage of bare soil exposure is relatively high at burned sites. However, it is interesting to find both indices can only distinguish burned sites in the third year with statistical significance. This is also when bare soil percentage was lowest in burned sites. The poor performance may due to a few reasons. The soil brightness correction factor (parameter L) for calculating SAVI may need fine-tuning in this study. The Burned Area Index (BAI) and Char Soil Index (CSI) were designed to detect the char signal [73] . However, this study finds that they are not suitable for grasslands fire study in GNP. Possibly because grassland ecosystems have a higher turnover rate and grass communities are well adapted to disturbances like fire. As a result, their fast recovery will block the char signal from being captured by remote sensors. Mid-Infrared Burn Index (MIRBI) was a fire index developed for the savannah ecosystem, where NIR is less useful because of senescent vegetation in the fire season. Literature shows MIRBI to be relatively stable in performance over time. MIRBI also performed well in this study, showing significantly greater values in the burned sites than the unburned, though not significant in the third year.
Vegetation Recovery Trajectory from Landsat NDVI
Removing the limitation of sample size, with only satellite imagery data, the difference between burned and unburned sites is shown clearly for within years and an overall decreasing trend from 2013 to 2016, reflecting the climate variation of the same period. Though 2017 is also an extremely dry year in this area, the impact of drought didn't settle in till late July ( Figure 9 ) which is outside the analyzed time frame. Grasslands recovery is closely tied to climatic variables.
Though both burned and unburned grassland underwent a similar recovery
scenario, yet they carry significant differences. Burned grassland always maintained higher NDVI values compared with its unburned counterpart, which can be explained by the fire's positive impact on the ecosystem. When peak NDVI values (corresponding to the maximum growing season) are considered, we observe such positive influence gradually dying out across time, from 30% higher in 2013 to 10% higher in 2014 and eventually almost non-existent in 2016. This result may suggest a fire regime with a period of four years to be ideal for the prairie ecosystem. But fire's impact is more profound when we look at the start of the growing season, burned communities consistently exhibit higher NDVI values. This either means the burned site has an earlier start to the growing season, or the burned site always tends to grow greener vegetation. Since there is no apparent phase shift (a.k.a. time delay in the signal) between the two curves, the former hypothesis may not seem to be a plausible explanation. However, [74] [75] indeed reported the greenup being advanced by one week or as much as one month at burned sites due to relatively warmer soil temperatures during the day.
Therefore to clarify this, better satellite remote sensing datasets need to be analyzed, especially with fine-tuned temporal resolution during the greenup period for the study area. Nonetheless, we can certainly observe the impact of grassland fire even at the fifth growing season, with both climate variation (2013) (2014) (2015) (2016) (2017) and a minor disturbance (water-stress condition in 2015) considered. 
Conclusion
This study found that vegetation could recover quickly from the spring burning.
Starting from the first post-fire growing season, the grasslands ecosystem has begun the quick process of regeneration, and even resulted in establishment on previously bare soil. This demonstrates the strong resilience of the mixed prairie due to its adaption to frequent grassland fires in the past. However, in reality NPV estimation is always complicated due to the presence of water, soil mineralogy, and soil organic carbon [76] [79] [80] . This is especially the case in the mixed-prairie [76] .
